Pesticides based on the s-triazine ring structure are widely used in cultivation of food crops. Cleavage of the s-triazine ring is an important step in the mineralization of s-triazine compounds and hence in their complete removal from the environment. Cyanuric acid amidohydrolase cleaves cyanuric acid (2,4,6-trihydroxy-s-triazine), which yields carbon dioxide and biuret; the biuret is subject to further metabolism, which yields CO 2 and ammonia. The trzD gene encoding cyanuric acid amidohydrolase was cloned into pMMB277 from Pseudomonas sp. strain NRRLB-12227, a strain that is capable of utilizing s-triazines as nitrogen sources. Hydrolysis of cyanuric acid was detected in crude extracts of Escherichia coli containing the cloned gene by monitoring the disappearance of cyanuric acid and the appearance of biuret by high-performance liquid chromatography (HPLC). DEAE and hydrophobic interaction HPLC were used to purify cyanuric acid amidohydrolase to homogeneity, and a spectrophotometric assay for the purified enzyme was developed. The purified enzyme had an apparent K m of 0.05 mM for cyanuric acid at pH 8.0. The enzyme did not cleave any other s-triazine or hydroxypyrimidine compound, although barbituric acid (2,4,6-trihydroxypyrimidine) was found to be a strong competitive inhibitor. Neither the nucleotide sequence of trzD nor the amino acid sequence of the gene product exhibited a significant level of similarity to any known gene or protein.
The s-triazine ring is a component of several widely used agricultural chemicals. In 1991 more than 80 million pounds of the s-triazine herbicides atrazine, cyanazine, and simazine were applied to corn, sorghum, and cotton in the United States alone (22) . Biodegradation is an important mechanism of dissipation of s-triazine compounds in agricultural soils and in industrial wastewater produced during the manufacture of striazines. Previous studies have demonstrated that some degradation of atrazine occurs (2, 14, 25) , although the biological portions of degradation that have been described involve primarily dealkylation of atrazine, not degradation of the triazine ring. Recently, complete mineralization of atrazine by several bacterial strains has been described (19, 23, 27) .
Little is known about the biochemical mechanisms of striazine ring degradation. Workers in several labs have characterized enzymes that dechlorinate (9, 21) or N-dealkylate atrazine or related compounds (4, 24) , but there have been no reports of characterization of the enzymes responsible for mineralization of the s-triazine ring. On the basis of studies of four s-triazine-degrading bacterial strains, Cook has postulated that most s-triazine degradation pathways converge at cyanuric acid and that this compound is the substrate for ring cleavage (7, 8) . Cyanuric acid has been shown to be a central intermediate in the pathway of atrazine degradation in atrazine-degrading Pseudomonas cultures (24) and consortia (10) . In several studies workers have observed hydrolytic cleavage of the s-triazine ring in bacteria (7) and fungi (16) during growth of the organisms on cyanuric acid as a nitrogen source. Cook et al. (7) assayed enzymes that catalyzed the conversion of cyanuric acid to biuret in the soluble portion of crude extracts of three bacteria (Pseudomonas sp. strains A and D and Klebsiella pneumoniae 99) that were able to utilize cyanuric acid as a source of nitrogen. These studies showed that the reaction was hydrolytic; however, no kinetic or physical properties of the enzymes were reported. Eaton and Karns (13) cloned the gene (trzD) for cyanuric acid amidohydrolase from these three strains of bacteria. All three trzD genes had the same restriction patterns, suggesting that there is extensive sequence identity. In this report I describe purification of the cyanuric acid amidohydrolase of these triazine-degrading bacteria from a strain of Escherichia coli containing the trzD gene of Pseudomonas sp. strain A and also describe some kinetic and physical characteristics of the enzyme, as well as the nucleotide sequence of the trzD gene.
MATERIALS AND METHODS
Bacterial strains and plasmids. Plasmid pJK204 was constructed by cloning a 2.0-kb HindIII-PstI fragment that contains the trzD gene of plasmid pRE458 (12) , which was originally shown to contain the trzC and trzD genes of Pseudomonas sp. strain NRRLB-12227 (strain A of Cook and Hütter [6] ), into pMMB277 (20) . The trzD fragment was isolated from agarose gels by electroelution onto a type NA45 membrane (Schleicher and Schuell, Keene, N.H.) as recommended by the manufacturer. The isolated fragment was ligated to HindIII-PstI-digested pMMB277 with T4 ligase (BRL, Gaithersburg, Md.) and was transformed into transformation-competent E. coli DH5-␣ (BRL) as recommended by the manufacturer. Cells were plated onto Lennox broth (Gibco) that was solidified with 1.5% agar and contained chloramphenicol (34 g/ml), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; 50 g/ml), and 0.1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). Several white colonies were removed, and the presence of the proper insert was confirmed by restriction digestion and agarose gel electrophoresis of plasmid DNA prepared by the rapid boiling method of Holmes and Quigley (15) .
Preparation of cell extracts. E. coli containing plasmid pJK204 was grown overnight in two 1-liter Lennox broth cultures containing chloramphenicol (34 g/ml) and IPTG (0.1 mM) at 37°C with shaking. The cells were combined, harvested by centrifugation (6,000 ϫ g, 4°C, 10 min), and suspended in 30 ml of ice-cold 25 mM potassium phosphate buffer (pH 7.0). The cells were lysed by passing suspended cells twice through a cold French pressure cell (15,000 lb/in 2 ). The extract was centrifuged at 10,000 ϫ g for 10 min at 4°C to remove the large debris, and the resulting supernatant was centrifuged at 105,000 ϫ g for 2 h at 4°C to remove the membranes and other particulate material. The resulting supernatant was designated the crude soluble enzyme fraction and was used for further purification.
Enzyme purification. The crude soluble enzyme fraction (33 ml) was applied at a rate of 2 ml/min to a DEAE 5PW high-performance liquid chromatography (HPLC) column (21.5 by 150 mm; Waters Associates, Milford, Mass.) that had been equilibrated with 25 mM potassium phosphate buffer (pH 7.0). The column was rinsed at a rate of 5 ml/min with the equilibration buffer until a stable baseline (optical density at 254 nm [OD 254 ]) was obtained; then a linear 0 to 1 M NaCl gradient was run for 1 h. Fractions (5 ml) were collected, active fractions were identified as described below and pooled (10 ml recovered), and the ammonium sulfate concentration was adjusted to 1 M by adding 1.32 g of solid (NH 4 ) 2 SO 4 . The enzyme preparation was centrifuged to remove precipitates that formed after (NH 4 ) 2 SO 4 was added, and the cleared supernatant, which contained all of the enzyme activity, was applied at a rate of 2 ml/min to a TSKPhenyl 5PW (Tosoh Corp.) HPLC column (21.5 by 150 mm; HP-Genenchem, San Francisco, Calif.) that had been equilibrated with 25 mM potassium phosphate buffer (pH 7.0) containing 1 M (NH 4 ) 2 SO 4 . The column was eluted with the starting buffer at a rate of 5 ml/min until a stable baseline (OD 254 ) was obtained; then a decreasing linear 1 to 0 M (NH 4 ) 2 SO 4 gradient was run for 1 h. Fractions (5 ml) were collected, and the active fractions were identified and assayed as described below and then pooled.
Enzyme assays. Active fractions were identified by mixing 5 l of a fraction with 200 l of 25 mM Tris-HCl (pH 8.0) containing 3 mM cyanuric acid in a 250-l microcentrifuge tube that can be used as an insert in Waters autosampler vials. After overnight incubation the samples were examined to determine the loss of cyanuric acid by HPLC as described below. The reaction rates in crude extracts and column fractions were determined by mixing a sample of enzyme with 4 ml of 25 mM Tris-HCl (pH 8.0) containing 3 mM cyanuric acid in a Waters autosampler vial and immediately beginning a series of injections that were repeated every 5.5 min. The cyanuric acid concentration present at the time of each injection was calculated and plotted against the time of injection to determine the rate of cyanuric acid hydrolysis.
The rate of hydrolysis of cyanuric acid catalyzed by purified enzyme was measured spectrophotometrically by monitoring the decrease in absorbance at 220 nm due to cyanuric acid. The enzyme was mixed in a cuvette containing 1 ml of buffer (25 mM Tris-HCl pH 8.0 unless otherwise noted) supplemented with 0.15 mM (or less) cyanuric acid. The absorbance at 220 nm of cyanuric acid was linear in this range. An extinction coefficient of 6.283 OD 220 units ⅐ ml ⅐ mol Ϫ1 for cyanuric acid was determined empirically and was used to calculate the rate of cyanuric acid hydrolysis.
HPLC. Cyanuric acid and biuret were separated on a C 18 Resolve (Waters Associates) Radial-Pak HPLC column (8 by 100 mm; particle size, 5 m; Waters Associates) by using an isocratic solvent system consisting of 5 mM octyltriethylammonium phosphate (Q-8 Ion-Pair Cocktail; Regis Chemical Co., Morton Grove, Ill.) in 5 mM potassium phosphate (final pH 6.8) at a flow rate of 2 ml/min. Biuret was detected at 200 nm and cyanuric acid was detected at 225 nm with a Waters model 490 multichannel spectrophotometric HPLC detector. Under these conditions biuret eluted at approximately 1.8 min, while cyanuric acid eluted at 3.5 min.
Molecular weight determination. The apparent molecular weight of the native enzyme was determined by HPLC by using a Waters Protein-Pak 300SW column (7.8 by 300 mm). A 200-l sample of the pooled phenyl column fractions was injected, and the column was eluted with 25 mM potassium phosphate at a flow rate of 1 ml/min. The column was calibrated with horse spleen apoferritin (molecular mass, 443 kDa), sweet potato amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), and bovine erythrocyte carbonic anhydrase (29 kDa). SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of protein samples was performed by the method of Laemmli (18) by using a 10% acrylamide resolving gel and a 5% stacking gel in a mini-gel format. The gels were stained with Coomassie brilliant blue.
Protein assays. The protein concentrations in crude extracts were determined by the method of Bradford (5) by using a Bio-Rad protein assay kit and immunoglobulin G as the standard. The concentrations in purified materials were determined by using the spectrophotometric assay of Kalb and Bernlohr (17) .
DNA sequencing. Plasmid pRE479 was prepared by ligating the 2.0-kb HindIII-PstI fragment containing the trzD gene into pUC19 that had been cut with the same enzymes. Colonies containing the proper insert were isolated and characterized as described above for pJK204. Plasmid pRE479 was isolated from E. coli by using mini plasmid purification kits (Qiagen, Inc., Valencia, Calif.). Sequencing was performed by workers at the University of Maryland DNA Sequencing Facility, Center for Agricultural Biotechnology, College Park, who used ABI automated sequencers and custom primers. DNA sequences were assembled by using the DNAStar software package.
BLASTN searches (1) of the GenBank nucleic acid database and BLASTP searches (1) of the SwissProt protein database and the GenBank database for sequences that are similar to sequence of the trzD gene and the sequence of the TrzD protein were conducted online at the NCBI web site (22a). 
RESULTS
Purification of cyanuric acid amidohydrolase. A summary of the results of purification of cyanuric acid amidohydrolase from E. coli DH5␣ containing the cloned trzD gene is shown in Table 1 . The combination of DEAE chromatography and phenyl chromatography resulted in 30-fold purification of the enzyme. Figure 1 shows the elution profiles for cyanuric acid amidohydrolase on both of these columns. When the pooled phenyl fraction was examined by SDS-PAGE, a single band at a relative molecular mass of approximately 40,000 Da was observed, indicating that the enzyme had been purified to homogeneity (Fig. 2) . The relative molecular mass of the active enzyme was determined to be approximately 185 kDa by SW300 gel filtration chromatography. This suggests that four of the 40-kDa subunits are combined to form the active enzyme.
Development of spectrophotometric assay. The HPLC assay for cyanuric acid amidohydrolase was found to be too insensitive for determining K m values and for other kinetic analyses, so attempts were made to develop a spectrophotometric assay for the enzyme. The UV spectrum of cyanuric acid in Tris-HCl buffer had a maximum absorbance peak at 216 nm. Addition of purified cyanuric acid amidohydrolase resulted in a steady decrease in this absorbance. A wavelength of 220 nm was chosen for the spectrophotometric assay since the background absorbance due to Tris was minimal at this wavelength. A plot of the absorbance at 220 nm of cyanuric acid in 25 mM Tris-HCl was linear for cyanuric acid concentrations of 0.015 to 0.15 mM (data not shown). When cyanuric acid amidohydrolase was added to solutions containing 0.15 mM cyanuric acid in TrisHCl buffer, the absorbance decreased linearly, indicating that this method was a viable way to assay for cyanuric acid hydrolysis. No hydrolysis of cyanuric acid was observed in the absence of enzyme.
Effects of divalent cations on cyanuric acid hydrolysis. Extensive dialysis of crude extracts of cyanuric acid amidohydrolase preparations against buffer containing 1 mM EDTA did not adversely affect the rate of cyanuric acid hydrolysis. Addition of either Mg 2ϩ or Mn 2ϩ ions at a concentration of 1 mM to reaction mixtures as either sulfate or chloride salts had no effect on the rate of cyanuric acid hydrolysis, while addition of Co 2ϩ , Cu 2ϩ , or Fe 2ϩ at a concentration of 1 mM was slightly inhibitory. Addition of 1 mM Zn 2ϩ reduced the reaction rate 100-fold. Thus, it appears that divalent cations are not required for cyanuric acid hydrolysis by cyanuric acid amidohydrolase, although the possibility that a tightly bound metal ion is present in the enzyme cannot be ruled out. No metal analysis of the enzyme was performed directly. a Determined by the HPLC assay as described in the text. b Thirty-three milliliters of crude soluble fraction containing 4,700 IU of cyanuric acid amidohydrolase and 1.27 g of protein was applied to the DEAE column.
Kinetic constants and substrate specificity. A K m of 50 M for cyanuric acid and a turnover rate of 15,000 mol of cyanuric acid min Ϫ1 (mol of enzyme) Ϫ1 were obtained for purified cyanuric acid amidohydrolase at pH 8.0 in 25 mM TrisHCl at 30°C from a linear regression analysis of Woolf plots (11) . Several compounds that are structurally related to cyanuric acid were tested as possible substrates for cyanuric acid amidohydrolase. Ammeline (2,4-diamino-6-hydroxy-s-triazine) and ammelide (2-amino-4,6-dihydroxy-s-triazine) were not cleaved by the enzyme when they were added to a reaction mixture at a concentration of 2 mM. A number of pyrimidine compounds were tested as substrates at a concentration of 2 mM; these compounds included uracil (2,4-dihydroxypyrimidine), 5,6-dihydrouracil, cytosine (4-amino-2-hydroxypyrimidine), 2,4,5-trihydroxypyrimidine, and barbituric acid (2,4,6-trihydroxypyrimidine), and none of them was transformed by the enzyme as determined by either HPLC or spectrophotometric assays. When the compounds listed above were tested at a concentration of 0.05 mM to determine whether they were able to inhibit hydrolysis of cyanuric acid by cyanuric acid amidohydrolase, only barbituric acid was found to have any inhibitory effect. As shown in Fig. 3 , barbituric acid is a potent competitive inhibitor of cyanuric acid hydrolysis. A K i of less than 0.1 M for barbituric acid was calculated from the intercepts of the Lineweaver-Burk plots shown in Fig. 3 .
The reaction catalyzed by cyanuric acid amidohydrolase is shown in Fig. 4 , as is the structure of barbituric acid. The optimum pH for cyanuric acid hydrolysis by cyanuric acid amidohydrolase was between 8.0 and 8.5, and the optimum temperature for the reaction was between 45 and 50°C (data not shown).
Identification of reaction product. The product resulting from hydrolysis of cyanuric acid by the purified enzyme was identified as biuret by HPLC and by examining the comparative UV spectra at pH 8 and 13. Biuret has very little UV ab- sorbance at pH 8 but a large absorbance peak at pH 13 ( max , 216 nm).
DNA sequence. The DNA sequence of the 2.0-kb PstIHindIII fragment containing the trzD gene is shown in Fig. 5 . The total size of the fragment is 2,012 bp. The coding region for cyanuric acid amidohydrolase begins 754 bp from the PstI site at the 5Ј end of the fragment and is preceded by a potential ribosome binding site (AGGA) 11 bp upstream. The first 15 residues at the amino terminus of the purified protein were determined to be Met-Gln-Ala-Gln-Val-Phe-Arg-Val-ProMet-Ser-Asn-Pro-Ala-Asp, which matches the DNA sequence; this indicates that the mRNA is translated from its own initiation sites so that the enzyme is not produced in E. coli as a fusion protein with the ␤-galactosidase gene present on the cloning vector. The molecular mass predicted from the DNA sequence (39.4 kDa) also agrees well with the 40-kDa subunit size observed in polyacrylamide gels. A BLASTN search of the trzD base sequence against the GenBank nucleic acid database revealed no significant similarity with any other DNA sequence. Likewise, a BLASTP search of the hypothetical TrzD protein's amino acid sequence against the SwissProt database and GenBank data revealed no significant similarity with any known protein.
The 2.0-kb PstI-HindIII fragment contains an open reading frame from nucleotide positions Ϫ754 to 35 that codes for a hypothetical protein with homology to YlbE and YahG of E. coli, hypothetical proteins whose functions are not known. From nucleotide position 1130 to the end of the sequence there is an open reading frame that codes for a hypothetical 43-amino-acid peptide that exhibits some similarity to the amino terminus of ArcC, the product of the carbamate kinase gene of E. coli. Since the structure of carbamoyl phosphate, the product of the carbamate kinase reaction, is somewhat similar to the structure of biuret, it is possible that this open reading frame is the start of a gene involved in biuret metabolism.
DISCUSSION
In this report I describe purification and properties of an enzyme that is responsible for hydrolytic cleavage of the striazine ring, which makes mineralization of the carbon and nitrogen contained in s-triazines possible. The first report of this enzyme was that of Cook and coworkers (7), who assayed and partially purified cyanuric acid amidohydrolase (EC 3.5.2) from Pseudomonas strain D (ϭ NRRLB-12228). In that study the enzyme was not completely purified, nor were kinetic constants, pH optima, or temperature optima reported.
The gene encoding the enzyme studied in this report originated in Pseudomonas strain A (ϭ NRRLB-12227) of Cook et al. (7); this gene was shown by Eaton and Karns (13) to have a restriction pattern identical to that of the gene from Pseudomonas strain D for 12 enzymes that cut within the cloned region. Thus, the enzyme described here is the same enzyme that was described by Cook et al. The gene was cloned into E. coli and overproduced by expression from the tac promoter of vector pMMB277. This provided a way to rapidly grow large amounts of cells with high initial specific activity. The combi- nation of HPLC on DEAE columns and HPLC on phenyl columns resulted in a pure enzyme preparation that was suitable for amino-terminal sequence analysis. This analysis confirmed that the enzyme was produced from its own translation start site and was not the result of a fusion with the ␤-galactosidase protein encoded by the vector. Thus, this protein is probably authentic cyanuric acid amidohydrolase as it is produced in the native host, although the possibility that some processing of the protein might occur in the native host that does not occur in E. coli cannot be ruled out.
Cyanuric acid amidohydrolase has a fairly low K m for the substrate cyanuric acid (50 M) and a high turnover rate (15,000 mol of substrate ⅐ mol of enzyme Ϫ1 ⅐ min Ϫ1 ). The enzyme appears to have a much higher affinity for the competitive inhibitor barbituric acid, which is a structural analog of cyanuric acid (Fig. 4) . Cyanuric acid exists in various tautomeric forms in aqueous solution, and the diketo tautomer predominates at physiological pH values (26) . Binding of cyanuric acid at the active site of the enzyme may stabilize cyanuric acid in the transition state, which encourages hydrolysis. Barbituric acid also exists in a partially tautomerized form in aqueous solution; however, substitution of a pyrimidine ring for the striazine ring changes the pK a of transitions such that the monoketo form of barbituric acid predominates at physiological pH values (3) . A comparison of the chemistries of barbituric acid and cyanuric acid and the interactions of these acids with the active site of the enzyme may provide some clue as to the mechanism of reaction of cyanuric acid amidohydrolase.
The extensive use of triazine herbicides in agriculture worldwide lends importance to the study of the means by which these compounds are removed from the environment and their carbon and nitrogen are recycled. The cleavage of the s-triazine ring is an important step in this process. The observation that barbituric acid is a potent inhibitor of this cleavage may provide a useful tool to scientists studying the dissipation of s-triazines in the environment and to scientists studying the metabolism of s-triazines in plants, animals, and microbes. Because of the lack of similarity between the trzD sequence and other sequences in various databases, the evolutionary origin of this enzyme cannot be predicted. Sadowsky et al. (24) noted that the triazine-degrading proteins AtzA, AtzB, and AtzC exhibit amino acid similarities that indicate that they are members of an amidohydrolase superfamily that includes AdeC of E. coli and PyrC of Bacillus subtilis. These enzymes are all metal-binding hydrolases that act on nitrogenous heterocyclic ring substrates. Although cyanuric acid amidohydrolase cleaves an amide bond like AtzB and AtzC, the fact that it does not seem to require any metal ions for activity and the fact that it exhibits no significant amino acid sequence similarity with AtzC, AtzA, and AdeC indicate that it is a member of a different amidohydrolase family than these proteins. It would be interesting to use the cloned trzD gene and barbituric acid to study hydrolysis of cyanuric acid at the gene and enzyme levels in members of recently described atrazine-degrading bacterial cultures.
